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Abstract
We simultaneously monitored changes of intracellular free Ca2 concentration ([Ca2]i) following different light stimuli from
different inner retinal neurons of the turtle retina slice preparation. [Ca2]i increased with an increase of the light stimulus
intensity. Some of the cells also showed color opponent Ca2 signals. 2-Amino-4-phosphonobutyric acid (APB) blocked in
particular [Ca2]i increases and picrotoxin enhanced the observed [Ca
2]i changes. These data support the idea that the observed
[Ca2]i changes result from light stimulation and subsequent retinal processing. Similar Ca
2 signals were observed when the
release of Ca2 from internal stores was blocked with caffeine and thapsigargin. These results indicate that retinal Ca2 signals
evoked by light stimulation depend to a large extent on voltage-dependent Ca2 influx and might therefore reflect signal
processing. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The retina contains two synaptic layers, the outer
and inner plexiform layers. Signal transmission and
modulation within these synaptic layers transform the
quantal response of photoreceptors into the complex
pattern of ganglion cell responses (Dowling, 1987).
Whereas the light responses of single individual cells
have been well studied over the years, the transmission
process as such is still largely unexplored. To clarify the
mechanisms of the retinal neural network, it would be
necessary to record signals simultaneously from more
than two cells. Recently some useful methods have been
proposed for this purpose, such as multielectrode mea-
surement using planar multielectrode arrays (Meister,
Pine & Baylor, 1994). This attempt is very powerful for
the analysis of populations of ganglion cells but is not
suited for a direct analysis of the retinal network be-
yond ganglion cells. Double-patch recordings using reti-
nal slice preparations (Matsui, Hosoi & Tachibana,
1998, 1999) offer the possibility of analyzing simulta-
neously cells other than ganglion cells, but simulta-
neous electrical recording from more than two cells in
different layers seems to be impossible.
Optical recording using Ca2 sensitive dyes has been
used to monitor the activity of cell assemblies in the
olfactory bulbs (Friedrich & Korsching, 1997). Al-
though the time resolution of this method is in the
range of seconds, its spatial resolution is very good and
allows the simultaneous recording from many iden-
tifiable cells. The voltage-activated Ca2 channels are
present in most cells of the retina (Tachibana, 1983;
Corey, Dubinsky & Schwartz, 1984; Kaneko &
Tachibana, 1985; Newman, 1985; Barnes & Werblin,
1986; Karschin & Lipton, 1989; Ishida, 1991), and the
depolarization of the membrane will elicit an increase
of intracellular free Ca2 concentration ([Ca2]i). If
the [Ca2]i corresponds to the membrane depolariza-
tion, it should be possible to detect excitation signals
simultaneously from many cells that have been loaded
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with fluorescent Ca2 indicator. Indeed, simultaneous
monitoring using optical recording following electrical
or drug stimuli was reported (Wellis & Werblin, 1995;
Baldridge, 1996). Although a retinal preparation with
photoreceptors would have the advantage that light
illumination could be used as an adequate stimulus,
multirecording of inner retinal Ca2 signals evoked by
light illumination of photoreceptors have never been
reported. There is a very recent report that exploited
the two-photon excitation method and registered light-
evoked Ca2 signals from a single, labeled cell in the
whole mount retina of the salamander (Denk & De-
twiler, 1999).
The aim of this study was to clarify whether it is
possible to optically record light evoked [Ca2]i signals
simultaneously from somata of different layers of the
retina using a slice preparation of the turtle retina. We
could detect [Ca2]i changes in cells of the inner nu-
clear layer and ganglion cell layer that correlated with
light stimulation of the slice. The light dependence of
these signals was confirmed by their intensity and wave-
length dependence. Furthermore it was possible to en-
hance the light-evoked signal by blocking tonic
inhibition with pharmacological antagonists. Light-in-
duced changes of [Ca2]i persisted after the depletion
of internal [Ca2]i stores. The results demonstrate that
light stimuli evoke Ca2 signals reflecting synaptic
activity within the retinal network. Optical recording of
these signals might therefore serve as an adequate tool
to monitor retinal network properties.
Part of the present work has been reported elsewhere
in abstract form (Okada & Weiler, 1999).
2. Materials and methods
2.1. Slice preparation and fura-2:AM loading
The slice preparation was made following the meth-
ods of Werblin (1978) and Matsui et al. (1998). Light-
adapted turtles (Trachemys scripta elegans, 7–10 cm in
body length) were decapitated and eyes were enucle-
ated. The front part of the eye with the vitreous humor
was removed, the eyecup was cut into two pieces, and
the retina with pigment epithelium was detached from
the sclera in a Ca2-free solution containing (in mM):
135 NaCl; 2.6 KCl; 2 MgCl2; 10 glucose; 10 HEPES
(pH 7.4 adjusted with NaOH). After trimming the
retinal pieces to remove the rim parts which had sepa-
rated from the pigment epithelium, the pieces were
placed on a Millipore filter (type HVLP, 0.45 mm)
pigment epithelium side down. The retinas together
with the filter were cut into slices of 250–300 mm on a
filter paper (Schleicher & Schuell, Germany) with a
tissue chopper. The retinal slices were placed in a
recording chamber, made of glass with harmless silicon
walls. The slices were arranged in the fura-2:AM solu-
tion (see below) so that all layers of the retina were
visible from above, and held down with a U-shaped
platinum wire with several fine nylon threads (fastened
at about 1.5 mm intervals). The above procedures were
all executed under dim red light.
A Ca2-free solution containing 25 mM fura-2:AM
(Molecular Probe, USA), 0.025% cremophore EL
(Sigma, USA) and 0.02 mg:ml hyaluronidase (Sigma)
was added to the slice preparation in the recording
chamber, which was subsequently kept for 120 min at
room temperature with weak O2 bubbling. After the
loading period, the recording chamber was rinsed for
more than 30 min with O2-bubbled Ringer solution
containing (in mM): 135 NaCl; 2.6 KCl; 2.5 CaCl2; 1
MgCl2; 10 glucose; 10 HEPES (pH adjusted to 7.7 with
NaOH). Fura-2:AM loading and washing were exe-
cuted in complete darkness.
2.2. Ca2 measurement
The [Ca2]i measurement system (Photon Technol-
ogy International, USA) described in detail elsewhere
(Okada, Schultz, Geurtz, Hatt & Weiler, 1999) was
used. In brief, for fura-2 excitation the ultraviolet (UV)
light (340 or 380 nm) made by a monochromator with
75 W xenon lamp was applied to the slice preparation
from above through a 40 water immersion objective
lens of an upright microscope (Zeiss Axioskop, Ger-
many). To minimize bleaching of fura-2, UV illumina-
tion was in general restricted to the time of data
acquisition and controlled with a shutter. Data acquisi-
tion started always 5 s after the UV illumination was
switched on in order to avoid contamination by any
possible transient effects due to the onset of the mea-
suring light. The spatial distribution of fluorescence
(500–530 nm) emitted from fura-2 was monitored with
an intensified CCD camera. A thin, micromanipulator-
guided stainless-steel sheet was placed over the photore-
ceptor layer for three purposes: (1) to prevent UV light
from illuminating photoreceptors because a certain type
of turtle cone photoreceptors show a UV sensitivity
(Ammermu¨ller & Kolb, 1996); (2) to prevent emission
of fura-2 fluorescence from photoreceptors resulting in
stimulating themselves; and (3) to prevent light stimuli
(see below) from making any direct effects on the
acquired fluorescence data. While this sheet was ap-
plied, fluorescence from distal parts of the INL was
also weak because of the thickness of the sheet, but
fluorescence in the range between the inner part of the
INL and ganglion cell layer was sufficiently detectable.
The fluorescence intensity of each pixel within a cell
body area (9–12 pixels in diameter) were averaged, and
fluorescence data are given as DF:F (at 340 nm excita-
tion) or DF:F (at 380 nm excitation), following a
normalization procedure that has been described previ-
T. Okada, R. Weiler : Vision Research 40 (2000) 1947–1954 1949
ously (Okada et al., 1999). Original traces of fluores-
cence intensity were smoothed by averaging adjacent
data points using Origin Version 5 program (Microcal
Software, Northampton, MA, USA)
The light stimulus from a 100 W halogen lamp
source was applied exclusively to the photoreceptor
layer through the bottom of the recording chamber
with an optical bench system (Spindler & Hoyer, Ger-
many). Two wavelengths (449 or 614 nm) were used as
stimuli which were completely blocked out by the band
pass filter before the intensified CCD camera and there-
fore even straylight from the stimuli that might have
bypassed the cover did not contaminate the measure-
ments. The size of the rectangular light stimulus was
670 mm wide and the intensity was attenuated with one
10% ND filter, if not otherwise specified.
High-K solution was made by replacing 120 mM
Na in the normal Ringer solution with 120 mM K.
High-K solution was applied using a pressure puff-
pipette, and other drugs were applied by perfusion. The
sections were superfused at the rate of 1.2 ml:min, and
in the experiments of Figs. 3 and 5–7, the peristaltic
pump was stopped during the data-acquisition period
(ca. 15 s each) to minimize the subtle vibration of cells
by perfusion.
3. Results
3.1. [Ca2]i increase by depolarization with high-K
application
In order to measure [Ca2]i change of more than two
cells simultaneously in a slice preparation of the turtle
retina, slices were loaded with 25 mM fura-2:AM for 2
h. The overall pattern of loaded cells in all 62 slices
used for this study was rather identical. Fig. 1 shows
photographs of a bright field image (A) and a fluores-
cence image (B) with pigment epithelium at the top and
ganglion cells at the bottom. After the 2-h loading of
fura-2:AM, many, but not all, retinal cells showed an
emission of fluorescence. Since these photographs were
taken after the 1-h experimental session and the thin
cover for the photoreceptor layer had been removed,
fluorescence from the outer retina is also observable.
To check whether the loaded cells in the retinal slice
were still intact after the procedure of fura-2:AM load-
ing and whether a [Ca2]i increase was detectable fol-
lowing membrane depolarization, high-K (120 mM)
solution was applied for 1 s either at the inner nuclear
layer (INL) or near the ganglion cell layer (GCL) using
a puff pipette (Fig. 2). All cells measured here showed
a remarkable [Ca2]i increase immediately after the
high-K application, suggesting that most stained cells
were still alive after preparation and fura-2:AM load-
ing, and that the Ca2 signals seem useful for the
detection of depolarization of retinal cells. The variabil-
ity of the signals might have multiple reasons. The
depolarization of the cell will depend on the actual K
concentration which will vary with the distance from
the puff pipette. Furthermore it will depend on the
cellular concentration of fura-2 and of possible effects
of high K concentrations on the Na-Ca exchange
(Bindokas, Yoshikawa & Ishida, 1994).
3.2. Ca2 signals of inner retina following light
stimulation
To examine whether Ca2 signals were evoked in the
inner retina by light stimulation of the photoreceptors,
a light stimulus was applied exclusively to the photore-
ceptor layer and fluorescence intensity of cells in the
Fig. 1. Fura-2:AM-loaded retinal slice. (A) Photograph of bright-field image of a turtle retinal slice. Pigment epithelium is at the top and ganglion
cell layer is at the bottom. (B) Photograph of fluorescence image (380 nm excitation) of the same slice shown in A. These photographs were taken
after the end of 1 h experiment session. The stainless cover for the photoreceptor layer had been removed. Scale 25 mm.
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Fig. 2. Temporal change of [Ca2]i evoked by high-K
 application.
The normalized fluorescence intensity recorded from eight cells from
the INL (A) and eight cells from the GCL, B are shown. A high-K
(120 mM) solution was applied for 1 s either at the INL (A) or near
the GCL (B) using a puff pipette. The intensity of fluorescence from
each cell was acquired every 150 ms.
Fig. 4. Light-intensity dependency of Ca2 signals. (A) Temporal
[Ca2]i change evoked by various light intensities of 449 nm (bar).
The continuous averaged DF:F of four cells from the GCL with
ON-type signal in the absence and presence (asterisk) of the light
stimulus is shown. Images using 340 nm were acquired every 150 ms.
The waveforms were smoothed with adjacent 21 point averaging. (B)
Relationship between the amplitude of [Ca2]i-changes and light
intensity. Each bar shows the mean and SD of peak DF:F amplitude
during the light stimulation (n5).
GCL was monitored. Fig. 3 shows the temporal [Ca2]i
changes of two different cells in the slice. Ca2 signals
of these cells were elicited following light stimulation
(solid traces), and in this case two types of responses
were observed simultaneously in a slice. In one cell
(Fig. 3A) the light stimulation induced a decrease in
[Ca2]i and in another cell (Fig. 3B) an increase in
[Ca2]i. When the same light stimulation was again
applied after a 2 min interval, both cells showed a
similar pattern of [Ca2]i change. Similar type of re-
sponses were recorded in 57 cells and in the following,
[Ca2]i increases are termed ON-responses and [Ca2]i
decrease OFF-responses. When no light stimulation
was applied (thin trace) the amplitudes of [Ca2]i
Fig. 3. Temporal change of [Ca2]i evoked by light stimulation. [Ca
2]i-change of two different cells (A and B) from the GCL. Images were
acquired every 150 ms. The slice was stimulated for 4 s with 449 nm light, (indicated by horizontal line below responses) bar and the same light
stimulus was repeated after 2 min (thick traces). The thin trace was recorded in-between the 2 min internal without any light stimulation. The
ordinate shows DF:F. The waveforms were smoothed with adjacent 15 point averaging.
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changes were much smaller with no distinct pattern. It
is a well known phenomenon that [Ca2]i signals are
quite noisy for multiple reasons but despite this limita-
tion it was possible to discern light correlated changes
of DF:F that were distinct from the fluctuation of the
baseline (see also Figs. 4 and 7) and were reproducible.
The amplitude of Ca2 signals was dependent on
light-intensity. Fig. 4A shows the averaged Ca2 sig-
nals of four GCL cells during a step-like intensity
increase of the light stimulus (thick trace) and during
the same period of time without such an increase (thin
trace). Means and SDs of peak amplitude of Ca2
changes during light stimulation are summarized in Fig.
4B.
If two different wavelengths were used successively,
some GCL cells showed the same pattern of Ca2
signal to these stimuli and others did not. In Fig. 5, two
INL cells and two GCL cells that were simultaneously
recorded from the same slice, showed strong ON-type
Ca2 responses to a blue (449 nm) stimulus (Fig. 5, left
column). One minute after the blue stimulus, a red (614
nm) stimulus was applied, and both INL cells and one
GCL cells gave rise to the same ON patterns of Ca2
Fig. 6. (A) The effect of APB on light evoked [Ca2]i-changes. The
temporal [Ca2]i change of two cells, one from the INL and one
from the GCL before (top thick trace), during (thin trace) and after
(lower thick trace) the application of 1 mM APB. Three responses to
light stimulation (614 nm) are averaged for each condition. Wave-
forms were smoothed with adjacent nine point averaging. (B) The
effect of picrotoxin on light-evoked [Ca2]i-changes. The fluores-
cence intensity from two cells, one of the INL and one from of the
GCL are acquired in the absence (lower trace) or presence (upper
trace) of 200 mM picrotoxin (PTX), a selective antagonist of GABA
receptors. Light stimulation (449 nm) was applied three times for
each condition and averaged data of the three recordings are shown
(smoothed with adjacent nine point averaging).
Fig. 5. Ca2 signals show color opponency. Two different wave-
lengths of light stimuli (449 and 614 nm; 5 s filled bar) were
successively applied to the photoreceptors at intervals of 1 min (blue
followed by red). The ordinate shows DF:F, and the waveforms were
smoothed with adjacent 13 point averaging. In this slice two INL cells
and two GCL cells in the data acquisition window were recorded.
Both of the INL cells and one of the GCL cells showed color-invari-
ant responses, but one of the GCL cells color-opponent responses.
signal, but one of the GCL cells inverted its Ca2
signal and gave rise to an OFF pattern, reflecting a
kind of color opponency. Color opponency was found
in four cells of 13 cells tested. Such color opponent
ganglion cells have been described previously in the
turtle retina (Marchiafava & Wagner, 1981).
3.3. Effects of drugs on Ca2 signals following light
stimulation
Ca2 signals of the inner retina following light stim-
ulation of the photoreceptors should be affected by
drugs known to interfere with neuronal processing. We
therefore examined the effects of 2-amino-4-phospho-
nobutyric acid (APB) and picrotoxin, on these Ca2
signals.
ON-type bipolar cells have APB-sensitive metabo-
tropic glutamate receptors (mGluRs) on their dendrites
and the application of APB selectively blocks the reti-
nal ON-pathway (Slaughter & Miller, 1981; Bolz,
Wa¨ssle & Thier, 1984; Euler, Schneider & Wa¨ssle,
1996). Fig. 6A shows examples of simultaneous record-
ings from two cells, one from the INL and one from the
GCL. Both cells were rather ON-dominated (top thick
trace) under control conditions. In the presence of 1
mM APB, this ON-component was almost completely
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inhibited (thin trace). After washout of APB, an ON-
component of the signal partially reappeared (lower
thick trace). An effect of APB was seen in five cells of
six cells tested.
GABAergic-inhibitory systems modulate synaptic
transmission within the inner plexiform layer
(Tachibana & Kaneko, 1987; Maguire, Maple,
Lukasiewicz & Werblin, 1989; Heidelberger &
Matthews, 1991; Feigenspan, Wa¨ssle & Bormann, 1993;
Lukasiewicz & Werblin, 1994), and we applied 200 mM
picrotoxin, a GABA-receptor antagonist, to examine
whether such a GABAergic modulation was observable
also in the light-evoked [Ca2]i changes. Fig. 6B shows
the effect of picrotoxin on [Ca2]i of two cells, one
from the INL and one from the GCL, in the same slice
preparation. Both cells showed a remarkable increase
of [Ca2]i following inhibition of GABAergic transmis-
sion. Irrespective of the response type, 12 of the 15 cells
tested showed an enhancement of light-evoked [Ca2]i
responses, indicating that GABAergic modulation of
light response within the inner retina was also de-
tectable using Ca2 signals.
3.4. Effect of internal Ca2 stores on light e6oked Ca2
signals
The Ca2 signals shown above seem to reflect light-
evoked, synaptically induced activities of cells in the
inner retina, but there is a possibility that these signals
were amplified by Ca2 release from internal Ca2
stores. In fact, the bath application of 10 mM caffeine
evoked remarkable [Ca2]i changes of retinal cells
(data not shown). To examine whether Ca2 signals
evoked by light stimulation were also detectable in the
absence of a putative amplification by Ca2 stores, 10
mM caffeine and 500 nM thapsigargin were applied
constantly in the superfusate in order to induce a Ca2
depletion of Ca2 stores. Fig. 7 shows a continuous
[Ca2]i recording of a GCL cell which was stimulated
by stimuli of two different wavelengths and intensities
under these conditions. The cell had a color-opponent
receptive field and showed a prominent intensity depen-
dency indicating that color and intensity coding of the
Ca2 signals evoked by light stimulation was not de-
pendent on Ca2 stores. Similar results were obtained
in all four cells tested.
4. Discussion
In the present study, we showed that [Ca2]i-changes
evoked by light stimulation can be simultaneously de-
tected in cells of the inner retina in the fura-2:AM-
loaded slice preparation of the turtle retina.
We used a slice preparation with an intact pigment
epithelium, in order to maintain the regeneration of the
photopigment and to keep bleaching at a minimum.
Although we did not analyze the effect of pigment
epithelium systematically and light responses can be
recorded electrophysiologically using retinal slices with-
out pigment epithelium (e.g. Zhang, Jung & Slaughter,
1997; Matsui et al., 1998), it is reasonable to think that
slice preparations with pigment epithelium have advan-
tages for long lasting and repetitive light stimulation as
they are needed in the case of [Ca2]i measurements.
For the purpose of simultaneous recordings, it is
important to get sufficient staining with the Ca2 indi-
cator. We did not include a protease treatment in order
to avoid harmful effects on synapses, but we used a low
concentration (0.02 mg:ml) of hyaluronidase to remove
vitreous from the tissue during fura-2:AM loading.
After 2-h loading, many cells of the INL and GCL were
well stained enabling the recording of stable cell activi-
ties, although differences of absolute fluorescence inten-
sity existed. Most of these stained cells were viable and
showed a [Ca2]i increase in the presence of high-K
solution at the end of the experiment.
Are the [Ca2]i-changes that we observe following
light stimulation of the slice indeed light-evoked re-
sponses? The following observations are in favor of
such an assumption: The changes correlated with the
light intensity. Changes of opposite sign were observed
in different cells. Wavelength-dependent opposite sig-
nals were recorded from some cells. The observed sig-
nals could be enhanced by removing tonic inhibition.
Signals were only observed in cells which also gave rise
to a high potassium induced [Ca2] increase.
Fig. 7. Temporal light-evoked [Ca2]i-changes of a GCL cell in the
presence of caffeine and thapsigargin. Fluorescence intensity of a
GCL cell was continuously acquired during stimulation with a red
stimulus and a blue stimulus. The experiment was executed in the
presence of 500 nM thapsigargin and 10 mM caffeine to minimize the
effects of Ca2 release from intracellular Ca2 stores. Fluorescence
images excited by 340 nm were acquired every 250 ms and the
waveforms were smoothed with adjacent 15 point averaging.
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Recently Denk and Detwiler (1999) reported the
registration of light-evoked Ca2 signals not from the
retinal slice but from the intact retina. In their case a
single ganglion or amacrine cell was intracellularly in-
jected and filled with the calcium indicator. Using
two-photon excitation, it was possible to record light-
evoked Ca2 signals in the dendrites of the injected cell
that roughly correlated with the membrane potential.
Our technique using slice preparations will complement
their measurements well in that ours can record simul-
taneously the light responses from cells of different cell
layers.
The [Ca2]i-change that we were able to record
simultaneously were of different types. The level of
[Ca2]i either increased or decreased during the light
stimulus. In some cells, the response was more phasic
and often the on- and offset of the stimulus evoked
transient changes. It is tempting to correlate these
patterns of [Ca2]i-changes with the electrophysiologi-
cal patterns and to make use of the ON–OFF nomen-
clature (Marchiafava & Weiler, 1980, 1982;
Ammermu¨ller & Kolb, 1996). Doing so one has to bear
in mind that the present experiments did not allow a
correct registration of the receptive field and since
many amacrine and ganglion cells exhibit receptive
fields with a centre:surround organization, the recorded
[Ca2]i-changes likely reflect in most cases mixed re-
sponses. It has been shown that some amacrine and
ganglion cells of the turtle retina tonically hyperpolarize
during light stimulation which could explain the ob-
served [Ca2]i-decrease (Marchiafava & Weiler, 1980,
1982). However, not all ganglion cells behave like that
(Baylor & Fettiplace, 1979) and any direct correlation
between the observed [Ca2]i-change and membrane
potential must await further analysis.
The response pattern of a certain cell to the same
repetitive stimuli was always consistent enough to iden-
tify the response type (on-, off- or on:off response).
However the amplitude and:or the time course of
[Ca2]i varied to a certain degree among repetitive
trials (Fig. 3). There is the possibility that some fluores-
cence from the inner retina might indirectly activate the
photoreceptors to some degree, though we completely
prevented the fura-2 within the photoreceptors from
getting directly excited by our shield. It is difficult to
estimate accurately the generated fluorescence because
of the large variations in dye concentration and the
geometrical factors, but in their recent study, Denk and
Detwiler (1999) estimated that the power of the fluores-
cence is about five magnitudes lower than that needed
to excite horizontal cells. Such an influence from the
inner retina seems inevitable, but in the present study
the fluorescence from the inner retina might have had
an effect like a very moderate background (if any)
because all data were acquired 5 s after the measuring
UV-light was turned on. This timing was chosen in
order to have constant and comparable conditions,
which enabled us to identify the response type of a
certain cell in spite of some fluctuations. Rather then
being the result of indirect stimulation, the observed
fluctuations might result from the diverse mechanisms
contributing to the Ca2 signal and from the technical
limitations of the measuring system.
The origin of the cellular Ca2 signal might be
multiple. [Ca2]i may be affected primarily by Ca2-
influx via voltage-gated Ca2 channels but will also
depend on Ca2-influx through ligand gated channels,
Ca2 release from internal stores, intracellular Ca2
buffering, and Ca2 transporters (Blaustein, 1988; Ne-
her & Augustine, 1992; Kobayashi & Tachibana, 1995).
We could demonstrate that the physiological character-
istics of the Ca2 signal persists in the presence of
drugs that block a participation of internal Ca2
stores, indicating that Ca2-influx might be the prime
source of the signal. The Ca2 signals might therefore
be very useful to monitor qualitatively the excitation
pattern of a set of neurons of the inner retina and
correlate this pattern with the corresponding light
stimulus.
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